Although very closely related species can differ in their fine-scale patterns of recombination hotspots, variation in the average genomic recombination rate among recently diverged taxa has rarely been surveyed. We measured recombination rates in eight species that collectively represent several temporal scales of divergence within a single rodent family, Muridae. We used a cytological approach that enables in situ visualization of crossovers at meiosis to quantify recombination rates in multiple males from each rodent group. We uncovered large differences in genomic recombination rate between rodent species, which were independent of karyotypic variation. The divergence in genomic recombination rate that we document is not proportional to DNA sequence divergence, suggesting that recombination has evolved at variable rates along the murid phylogeny. Additionally, we document significant variation in genomic recombination rate both within and between subspecies of house mice. Recombination rates estimated in F 1 hybrids reveal evidence for sex-linked loci contributing to the evolution of recombination in house mice. Our results provide one of the first detailed portraits of genomic-scale recombination rate variation within a single mammalian family and demonstrate that the low recombination rates in laboratory mice and rats reflect a more general reduction in recombination rate across murid rodents.
T HE rate of meiotic recombination is an important parameter in genetics and evolution. Recombination rate determines the effects of selection on nearby polymorphisms (Maynard Smith and Haigh 1974; Charlesworth et al. 1993) , dictates the magnitude of correlations between genetic variants in populations (Pritchard and Przeworski 2001) , shapes features of the genomic landscape (Duret and Arndt 2008) , and determines the resolution of genetic mapping experiments. In addition, recombination ensures that homologous chromosomes align and disjoin correctly during the first meiotic division. Homologous chromosome pairs that fail to undergo a recombination event face a high risk of nondisjunction, an outcome with strongly deleterious consequences for the organism (Hassold and Hunt 2001) .
Variation in recombination rate has been documented within genomes, between individuals, and among species (Coop and Przeworski 2007) . Much of this variation is thought to derive from differences in the density and intensity of recombination hotspots (Coop et al. 2008; Webb et al. 2008; Paigen and Petkov 2010) , short genomic regions with very high rates of crossing over. Recombination rates on this fine scale evolve rapidly (Ptak et al. 2005; Winckler et al. 2005; Jeffreys and Neumann 2009) , and loci that confer differences in hotspot activity within and between species have been identified ( Jeffreys and Neumann 2005; Baudat and de Massy 2007; Parvanov et al. 2009 Parvanov et al. , 2010 Baudat et al. 2010) .
Even as information about the mechanisms of finescale recombination rate variation accumulates, the genetics and evolution of a more basic parameter-the total number of crossovers in a meiotically dividing cell-remain poorly understood. Mammals exhibit a wide range of genomic recombination rates (Burt and Bell 1987; Coop and Przeworski 2007; Dumont and Payseur 2008) , providing an excellent system for evaluating evolutionary trends on this scale. Average genomic recombination rates are phylogenetically distributed across mammalian taxa (Dumont and Payseur 2008) , indicating that more closely related species have more similar average genomic recombination rates. House mice and rats, two murid rodent species, provide an especially illustrative case: compared with other eutherian mammals, these species have markedly reduced genomic recombination rates (Burt and Bell 1987; Dumont and Payseur 2008) . For example, the genetic linkage maps of house mice and rats are scarcely half as long as the human map (Broman et al. 1998; Steen et al. 1999; Kong et al. 2002; Cox et al. 2009 ), despite the approximate conservation of physical genome size between these species (Gibbs et al. 2004) .
Similarly, crossover counts visualized as chiasma in meiotically dividing cells are considerably lower in mice and rats than in other eutherian taxa (Burt and Bell 1987) .
The rate of recombination is correlated with chromosome arm number in mammals (Dutrilleux 1986; Pardo-Manuel de Villena and Sapienza 2001; Li and Freudenberg 2009) , suggesting that low recombination in laboratory rodents may partially derive from their unique karyotypes. The house mouse genome is organized into 19 acrocentric autosomes and a pair of sex chromosomes, while the rat genome is composed of 20 acrocentric autosomes and a sex chromosome pair. In contrast, most mammalian genomes are partitioned over a larger number of bi-armed chromosomes. Compared with other mammals, house mice and rats are clear outliers with regard to the number of chromosome arms in their haploid genome [mean across mammals is $30 (Pardo-Manuel de Villena and Sapienza 2001)]. Nonetheless, even after adjusting recombination rates by chromosome arm number (or chromosome number), house mice and rats still possess unusually low recombination rates for mammalian species (Dumont and Payseur 2008) .
The low rate of recombination in house mice and rats could reflect natural selection to reduce recombination intensity along the rodent lineage. There is significant genetic variation for recombination rate among inbred strains of house mice Dumont et al. 2009) , suggesting that the wild populations from which they are derived harbor ample raw material to enact an evolutionary response. Theoretical models indicate that a reduction in the rate of recombination is selectively favored when high-fitness alleles are linked in coupling phase (Felsenstein 1965; Barton 1995) , but the extent to which such conditions are upheld in nature remains unknown. On the other hand, the inbreeding and reduction in population size that accompanied the creation of the laboratory inbred strains might be expected to inadvertently select for increases in recombination rate to facilitate purging combinations of deleterious, recessive alleles from the genome (Felsenstein 1974; Otto and Barton 2001) . Consistent with this latter prediction, domesticated plants and animals have elevated recombination rates relative to their wild progenitors and nondomesticated species (Burt and Bell 1987; Ross-Ibarra 2004) .
To begin to understand the evolutionary processes contributing to reduced recombination in house mice and rats, recombination rate estimates from additional rodent taxa are required. Genetic maps have been constructed for Peromyscus polionotus (Steiner et al. 2007 ) and the Syrian hamster (Okuizumi et al. 1997) , both yielding total map lengths $15-25% shorter than those of laboratory mice or rats. Chiasma counts are available for several additional rodent species, including wood mice, grass mice, water rats, Mongolian gerbils, steppe lemmings, and European hamsters (Dutrilleux 1986; Burt and Bell 1987) . However, chiasma counts are difficult to relate directly to meiotic recombination rate, as they are commonly biased downward (Morton 1991; Nilsson et al. 1993) . Nonetheless, data from genetic linkage maps and chiasma counts seem to suggest that all rodents-not only house mice and laboratory rats-are characterized by low recombination rates. However, no comparative recombination rate data sets have been collected by a common set of investigators using the same method (thereby minimizing experimental and observer biases), nor have such data sets been examined in an evolutionary framework.
In this study, we harness the power of an immunocytological method for measuring genomic recombination rates in individual males to quantify recombination rate variation across rodents. This approach uses fluorescently labeled antibodies to visualize discrete foci of MLH1 along the synaptonemal complex at late pachytene of prophase I (Anderson et al. 1999; Koehler et al. 2002) . MLH1 is a mismatch repair protein that localizes to late recombination nodules corresponding to sites of reciprocal crossing over. Multiple studies have confirmed that MLH1 foci faithfully depict both the number and the distribution of recombination events in male meiosis (Baker et al. 1996; Anderson et al. 1999; Koehler et al. 2002) . We measure the genomic rate of recombination in eight rodent taxa, focusing specifically on the murid rodents (mice and rats). We document considerable variation for recombination rate over a range of evolutionary time scales and find that a low recombination rate is a characteristic feature of Muridae.
MATERIALS AND METHODS
Animal husbandry and experimental crosses: Wild-derived inbred strains CAROLI/EiJ (Mus caroli), CAST/EiJ (Mus musculus castaneus), CZECHI/EiJ (M. m. musculus), PANCEVO/ EiJ (Mus spicilegus), PERA/EiJ (M. m. domesticus), PWD/PhJ (M. m. musculus), and WSB/EiJ (M. m. domesticus) were purchased from the Jackson Laboratory and housed in the University of Wisconsin School of Medicine and Public Health mouse facility according to animal care protocols approved by the University of Wisconsin Animal Care and Use Committee. Mice were provided with food (2016S Teckland Global Rodent diet) and chlorinated water ad libitum. Adult males from each inbred strain and F 1 males from intra-and inter-subspecific crosses were sacrificed at 8-10 weeks of age, with the exception of PANCEVO/EiJ (sacrificed at 53.5 weeks).
Wild-derived inbred strains are difficult to breed. In our care, CAST/EiJ males performed poorly in all crosses, but most notably in crosses to conspecific females. Our analyses used CAST males purchased directly from the vendor to circumvent this challenge. Likewise, our breeding pair of PANCEVO/EiJ failed to produce a single litter after 9 months. The single PANCEVO male considered in this study was the male originally purchased for breeding purposes.
Males from inbred strain CIM (M. m. castaneus) were obtained from Franc xois Bonhomme's stock repository at the Université Montpellier II. Animals were sacrificed shortly after arrival to the University of . Because these animals were not reared under constant laboratory conditions, phenotypic variation among inbred CIM animals could have partially derived from differences in environmental exposure.
Testis tissue from adult male rats (COP/CrCrl WKY/NCrl congenic animals) was kindly donated by Michael Gould's laboratory at the University of Wisconsin. Melissa Gray provided testis tissues from Gough Island mice maintained as an outbred colony at the University of Wisconsin.
Wild Peromyscus maniculatus and Microtus pennsylvanicus were live-trapped in the Biocore Prairie on the Lakeshore Nature Preserve on the University of Wisconsin-Madison campus. Approximately 60 Sherman traps (3 3 3.5 3 9 in.) were baited with a peanut-butter-and-oatmeal mixture, set overnight, and checked at dawn. Handling and euthanasia of wild rodents was performed as per protocols approved by the University of Wisconsin Animal Care and Use Committee.
Spermatocyte spreads and immunostaining: Spreads of early meiotic cells were prepared as described by Peters et al. (1997) . Briefly, the left testis of sexually mature males was removed, weighed, and rinsed in sterile 13 PBS. The outer tissue coating of the testis was punctured to allow a small volume of seminiferous tubules to be extracted. Tubules were incubated in a hypotonic solution (30 mm Tris, 50 mm sucrose, 17 mm citric acid, 5 mm EDTA, 2.5 mm dithiothreitol, 0.5 mm phenylmethanesulfonyl fluoride) for $45 min at room temperature. Tubules were then transferred to a small volume (20 ml) of 100 mm sucrose solution deposited on a clean glass slide and shredded using fine-gauge forceps. Tubular remnants were removed, and an additional 20 ml of 100 mm sucrose was added to the cell slurry. The solution was agitated by pipetting, and 20 ml was deposited onto each of two 3-3 1-in. glass slides coated with 100 ml 1% paraformaldehyde supplemented with Triton X-100 (0.15%; pH 9.2). The slides were gently rocked to distribute cells across their surface and allowed to dry overnight in a room-temperature humid chamber. Dried slides were then washed briefly in 0.4% PhotoFlo (Kodak), air dried, and subjected to immunostaining.
The immunostaining protocol was adapted from Anderson et al. (1999) and Koehler et al. (2002) . A 103 concentration of antibody dilution buffer (ADB) was prepared [2.5 ml normal donkey serum ( Jackson ImmunoResearch), 22.5 ml 13 PBS, 0.75 g bovine serum albumin (Fraction V; Fisher Scientific), and 12.5 ml Triton X-100] and sterilized by vacuum filtration (0.45 mm; Millipore). Slides were blocked in 13 ADB (diluted in 13 PBS) for $30 min and then lightly drained by touching the edge of the slide to a clean paper towel. All antibody dilutions were made into 13 ADB and all incubations were performed in a 37°humid chamber. A 60-ml aliquot of primary antibody cocktail [1:50 rabbit polyclonal antibody against MLH1 (Calbiochem) and 1:50 goat polyclonal antibody against SYCP3 (SantaCruz Biotechnology)] was dispensed on each slide. Slides were cover-slipped, sealed with rubber cement, and incubated overnight. The rubber cement was then carefully removed and coverslips were soaked off in 13 ADB. Slides were washed twice for 30 min each in 13 ADB. A 60ml volume of 1:100 Alexa 488 donkey anti-rabbit secondary antibody (Molecular Probes) was deposited on each slide. These slides were cover-slipped, sealed with rubber cement, and incubated overnight. After soaking off coverslips in 13 ADB, 60 ml of 1:100 Alexa 568 donkey anti-goat secondary antibody (Molecular Probes) was applied to each slide. Slides were sealed with a parafilm ''coverslip'' and incubated for 2 hr. Slides were then washed three times for 1 hr each in 13 PBS, air-dried, and mounted in a drop of ProLong Gold antifade media (Molecular Probes).
Imaging and pachytene cell scoring: Cells were visualized using a Zeiss Axioskop microscope equipped with an AxioCam HRc camera and a 1003 objective lens. Late pachytene cells that were damaged during preparation, displayed bulbous chromosome termini (indicative of transition into diplotene), lacked clear cell boundaries, or displayed flagrant defects in synapsis were not imaged. Images were captured in AxioVision (Rel. 4.8) software and stored as high-resolution tiff files. Images were subsequently cropped and the fluorescent intensity was adjusted using ImageJ software. Numbers of autosomal MLH1 foci in late pachytene cells were scored blindly with respect to species designation. Exceptions include cells from rat, M. pennsylvanicus, and P. maniculatus, which could not be scored naively due to the unique number of chromosomes in these species genomes. However, to the best of our knowledge, MLH1 foci analysis has never been performed in these taxa, and we had no a priori information regarding the expected number of MLH1 foci per cell to bias our scoring. Only cells characterized by (i) the complete merger of SYCP3 signals from the two homologs, (ii) a full complement of chromosomes, (iii) clear, brightly stained MLH1 foci, and (iv) minimal background fluorescence were scored. We retained only cells with at least one MLH1 focus on each synaptonemal complex, excepting the possibility of one achiasmate bivalent; cells with two or more synaptonemal complexes lacking a MLH1 focus were extremely rare and likely represented staining artifacts.
The average number of MLH1 foci in late pachytene spermatocytes from Mus spretus (wild-derived inbred strain SPRET/EiJ) was obtained from the literature .
Total autosomal synaptonemal complex length was measured using Micromeasure (v. 3.2) (Reeves and Tear 2000) .
Phylogenetic and statistical analyses: Phylogenetic trees were constructed from partial coding sequence data from Cytb and Irbp; these were the only two loci with publicly available sequence data for all taxa considered in this analysis. Both trees were rooted using the outgroup taxon Spermophilus tridecemlineatus. Optimal sequence alignments were constructed using default parameters in ClustalW (Thompson et al. 1994) and manually verified in BioEdit (v. 7.0.5; http:/ / www.mbio.ncsu.edu/BioEdit/bioedit.html). GenBank accession numbers are provided in the supporting information, Table S1 .
We used PhyML (Guindon and Gascuel 2003) to identify the model of molecular evolution that yielded the highest likelihood support for these data as assessed by the Akaike information criterion. A general time-reversible model of molecular evolution with the proportion of invariant sites and optimal nucleotide frequencies estimated from the data and gamma distributed rate variation across four classes was selected for the Cytb locus. The Tamura and Nei (1993) model with the proportion of invariant sites and optimal transition/ transversion ratio estimated from the data was selected for the Irbp locus. Although these models are heavily overparameterized for the small data set considered here, simpler models of DNA sequence evolution provide qualitative results identical to those presented below (data not shown).
All statistical analyses were performed in the R environment for statistical computing (R Development Core Team 2008). The extremely unequal sample sizes in some strain, subspecies, and species comparisons complicate pairwise comparisons. For each comparison, we pared down the larger data set using a random subsample equal in size to the smaller data set and compared this subsample to the entire smaller data set. Results from Mann-Whitney U-tests presented below reflect the mean P-value of 10,000 tests performed on independent subsamples of the larger data set. In comparisons that pool variation among inbred strains within a subspecies, we used equally sized random draws from each strain. Similarly, we use a balanced subsample in species analyses where subspecieslevel data are available.
RESULTS
We scored the total number of MLH1 foci on autosomal synaptonemal complexes in seven or more spermatocytes from each of 64 adult male rodents from eight taxa (Table 1) . Representative images of late pachytene spermatocytes stained with fluorescently labeled antibodies against MLH1 and SYCP3 are shown in Figure 1 .
The mean number of MLH1 foci varies tremendously among taxa, ranging from a low of 21.78 foci in a wildderived inbred strain of M. m. castaneus (CAST/EiJ) to a high of 34.46 foci in the rat (Table 1 ; Figure 2 ). The estimated mean number of MLH1 foci in strain CAST/ EiJ is in good agreement with a previous estimate from this strain, and the average MLH1 foci counts in the two inbred strains of M. m. domesticus are similar to those from common inbred laboratory strains of house mice , which are predominantly of M. m. domesticus origin ( Yang et al. 2007) . Assuming that each focus corresponds to a genetic map length of 50 cM, total male map lengths differ by .600 cM among these rodent species. This variation is remarkable in light of the rough conservation of overall genome size in murid rodents (Gregory 2005) .
A minimum of one crossover per chromosome arm is required to ensure the correct alignment of homologous chromosomes at the metaphase plate and their proper segregation during meiosis I, although recent studies have suggested that this constraint could be relaxed to one crossover per chromosome Hassold et al. 2009 ). The average number of recombination events per autosome or per autosomal arm still varies markedly among the eight rodent taxa examined here (Table 1 ), suggesting that observed variation in raw MLH1 foci counts does not solely derive from differences in gross genome organization among rodent species.
The standard deviation (SD) of MLH1 foci counts also varies across taxa (Table 1 ). In general, animals with higher recombination rates tend to have greater variability in their MLH1 foci counts (Spearman's r ¼ 0.57, P ¼ 9.51 3 10 À7 ). Interestingly, two taxa for which samples came from outbred individuals, P. maniculatus and M. pennsylvanicus, have the lowest SDs in genomic recombination rate. Both species have average MLH1 foci counts that approximate their autosomal chromosome numbers (Table 1 ), indicating that very rigid regulatory mechanisms must be in place to ensure that one (and usually only one) crossover is allocated to a given chromosome. In addition, both of these species have fewer MLH1 foci than chromosome arms (Table   1 ), complementing previous assertions that only one crossover per chromosome is necessary for correct homolog segregation Hassold et al. 2009) , at least in some taxa.
Polymorphism and subspecies divergence for male MLH1 foci counts in house mice: Our data set includes MLH1 foci counts from multiple males from each of two wild-derived inbred strains representing each of the three principal subspecies of house mice, M. m. musculus, M. m. domesticus, and M. m. castaneus (Table 1) . This hierarchical structure allowed us to test for evolutionary differences in genomic recombination rate between taxa at various stages of early divergence. We find significant differences in MLH1 foci counts from spermatocytes of independent inbred strains of the same house mouse subspecies [Mann-Whitney U-test with subsampling to account for differences in sample size (Table 2) ]. Likewise, we find significant variation among laboratory-reared outbred males from a Gough Island population of presumed M. m. domesticus origin (Kruskal-Wallis rank-sum test, x 2 ¼ 9.7544, P ¼ 0.0076). Combined, these findings indicate that natural populations of house mice harbor polymorphism for global recombination rate, confirming previous predictions based on analyses of laboratory mice . Similarly, differences in MLH1 foci number between the three subspecies of house mice are highly statistically significant in pairwise comparisons [MannWhitney U-test with subsampling (Table 2) ].
Although there are significant differences in MLH1 foci count both within and between subspecies of house mice, subspecies divergence is considerably greater than intra-subspecies polymorphism (Table 1; Figure  2 ). Independent wild-derived inbred strains within M. m. castaneus and M. m. domesticus differ by an average of less than one MLH1 focus, while inbred strains of M. m. musculus differ by a mean of approximately three foci. In contrast, the M. m. musculus genome undergoes approximately six recombination events more than either the M. m. domesticus or the M. m. castaneus genome at meiosis. Much of the remaining variation in the MLH1 foci counts among house mice reflects differences among cells sampled from a single animal, with a lesser contribution of variation among animals of a common strain.
Our MLH1 data set features ordinal data, with unbalanced sampling at each hierarchical level and unequal variances among strains, among subspecies, and among animals. These features violate key assumptions of standard parametric (e.g., ANOVA) and nonparametric (e.g., Kruskal-Wallis one-way ANOVA) methods, limiting further statistical analysis of these data. Nonetheless, we note that a fully nested sum-of-squares-based approach for partitioning the variance in MLH1 foci counts recapitulates the visually observable trends enumerated above. Namely, most of the variation in MLH1 counts among wild-derived inbred strains of house mice is accounted for by subspecies differences ($60%), with much of the residual variation explained by within-animal sampling variation ($30%). Subspecies polymorphism and variation among animals from a single inbred strain each account for a small percentage of the variance in MLH1 foci counts among rodents. We obtain quantitatively similar results when an identical analysis is performed on rank-transformed MLH1 counts. In light of the departures from model assumptions, we caution against over-interpretation of the rough percentages presented here. However, the general patterns of recombination rate variation that we identify are consistent across statistical approaches. Species divergence for male MLH1 counts in Muridae: We also tested for differences in MLH1 foci count among murid rodent species. Here, we pooled the three house mouse subspecies, treating them as a single species. We again exclude the Gough Island mice from this analysis because of their uncertain taxonomic status within M. musculus. Most pairwise species comparisons are statistically significant (Mann-Whitney U-test; Table 3 ). The differences in MLH1 foci number between species become even more dramatic when values are transformed to remove the effect of karyotype (i.e., by subtracting one focus for each additional chromosome arm in the species with the more complex karyotype).
Most of the observed variation in MLH1 foci counts among rodent species derives from differences among animals within species (Figure 2) , a pattern that largely stems from the considerable variation within and between animals in the M. musculus species complex (Figure 2 ). Using nested sum-of-squares methodology, we estimate this percentage to be $45%, although we acknowledge the considerable uncertainty associated with this value due to violation of parametric assumptions. A large fraction of the divergence in MLH1 counts is also due to divergence among murid rodent taxa ($25%). We conclude that subspecies and species-level taxonomic status explains the majority of the variation in recombination rate among the murid rodents that we surveyed.
Relationship between recombination and DNA sequence divergence: Mean MLH1 foci counts appear to be randomly distributed with respect to the rodent phylogeny (Figure 2 ). M. m. castaneus and M. m. musculus, two of the most closely related taxa included in this analysis, exhibit relatively large differences in recombination rate. Two highly divergent taxa, M. pennsylvanicus and P. maniculatus, have very similar recombination rates. If recombination rate differences evolved according to a simple Brownian motion model, we would expect pairwise divergence in recombination rate to accumulate linearly with the square root of divergence time. Using DNA sequence divergence (measured as the square root of the summed branch lengths) as a proxy for relative divergence time, this prediction is not supported (Figure 3 ; Irbp tree: Spearman's r ¼ À0.074, P ¼ 0.6689; Cytb tree: Spearman's r ¼ À0.073, P ¼ 0.6719), even when metrics insensitive to species variation in chromosome number or chromosome arm number are used (chromosome number: Irbp treeSpearman's r ¼ À0.072, P ¼ 0.6755; Cytb treeSpearman's r ¼ À0.089, P ¼ 0.6064; chromosome arm number: Irbp tree-Spearman's r ¼ 0.244, P ¼ 0.1515; Cytb tree-Spearman's r ¼ 0.233, P ¼ 0.1706).
Interspecific covariation between MLH1 foci count and synaptonemal complex length: Previous studies have established a strong positive relationship between inter-individual variation in total autosomal synaptonemal complex (SC) length (the sum of SC lengths across autosomes) and total autosomal MLH1 foci count in both mice and humans Tease and Hulten 2004) . Assuming constancy of genome size, differences in SC length largely reflect variation in the density of chromatin packing at meiosis, with longer SCs resulting from more loosely wound DNA (Kleckner et al. 2003) . Since recombination must occur between synapsed homologs in the context of the SC, it has been suggested that longer SCs have higher recombination rates because they provide more physical space for crossovers subject to strong positive interference to occur .
We measured the total autosomal SC length in $30 cells from each of the eight rodent taxa, including both of the wild-derived inbred strains considered for each M. musculus subspecies. To ask whether species differences in MLH1 foci count have coevolved with changes in SC length, we examined the correlation between these two variables. There is a strong, positive correlation between these two measures (Spearman's r ¼ 0.976, P ¼ 0.0004; Table S2 ). However, because rodents share a common evolutionary history, estimates of MLH1 counts and SC lengths are not phylogenetically independent, which could result in an overestimate of r. After transforming these measures into phylogenetically independent contrasts (Felsenstein 1985) , we still find a very strong positive correlation between the SC length and MLH1 count (Irbp tree: Spearman's r ¼ 0.943, P ¼ 0.017; Cytb tree: Spearman's r ¼ 0.964, P ¼ 0.003). As predicted, species with higher mean MLH1 counts have longer total autosomal SC lengths.
Genetic inference of recombination rate modifiers within and between subspecies: The significant differences in genomic recombination rate that we observed among inbred strains belonging to the M. musculus species complex suggest that these closely related taxa harbor genetic differences at loci that affect male recombination rate. To begin to explore the genetic basis of this recombination rate divergence, we analyzed the inheritance of total MLH1 foci count and autosomal SC length in F 1 hybrid males derived from reciprocal intra-subspecific and inter-subspecific crosses of house mice.
Reciprocal F 1 males from crosses between wildderived inbred strains of M. m. musculus (CZECHI/EiJ and PWD/PhJ) display statistically significant differences in mean MLH1 foci count (Mann-Whitney U-test performed on 10,000 subsamples, P ¼ 4.45 3 10 À5 ; Table 3 ; Figure 4A ) and SC length (P ¼ 1.69310 À17 ; Table S3 ). Similarly, reciprocal F 1 males from crosses between WSB/EiJ and PERA/EiJ (M. m. domesticus) have distinct genomic recombination rates (Mann-Whitney U-tests on 10,000 subsamples, P ¼ 0.0224; Figure 4B ), although SC lengths are similar for both sets of F 1 's (P ¼ 0.66; Table S3 ). Because reciprocal F 1 's are genetically identical, barring the parental origin of their sex chromosomes and mitochondria, these findings provide preliminary evidence for sex-linked and/or mitochondrial factors contributing to subspecies polymorphism in recombination rate. However, we cannot rule out the possibility that these patterns are influenced by imprinting or maternal effects (Paigen et al. 2008; Ng et al. 2009 ), especially given that our analysis is limited to males.
Reciprocal inter-subspecific F 1 crosses also reveal a putative contribution of sex-linked loci to recombination rate divergence between subspecies. We identify significant differences in MLH1 counts between reciprocal F 1 classes for the three sets of inter-subspecific crosses examined here (average P-value from MannWhitney U-test of 10,000 subsamples; CAST and PWD F 1 's: P ¼ 7.593 3 10
À11
; CAST and WSB F 1 's: P ¼ 0.0129; WSB and PWD F 1 's: P ¼ 1.50 3 10 À10 ; Table 4 ; Figure 4 , C-E). SC lengths from F 1 's between PWD and CAST and between CAST and WSB follow this trend (PWD and CAST F 1 's: P ¼ 0.0004; CAST and WSB F 1 's: P ¼ 0.0191; PWD and WSB F 1 's: P ¼ 0.2256; Table S3 ). Interestingly, mean MLH1 foci counts for CAST3 WSB (dam 3 sire) F 1 males are significantly higher than those of either parent (average P-value from Mann-Whitney U-test; CAST and CAST3WSB F 1 : P ¼ Mmd-Mmm $10 À50 a Reported P-value is the mean of 10,000 P-values from Mann-Whitney U-tests performed on independent random subsamples of the larger data set.
b P-value after removal of outlier CIM animal 1. c Comparisons use inbred laboratory strains only. Raw differences in mean MLH1 counts between species pairs are given in the upper triangle, with the significance of the associated Mann-Whitney U-test denoted by an asterisk (P-value averaged over 10,000 subsamples of the data; see materials and methods; *P , 0.05; **P , 0.01; ***P , 0.001). Differences in MLH1 counts adjusted for differences in chromosome arm number between species are presented in the data group in the lower triangle, with significance denoted. Significance was not assessed in comparisons with M. spretus. The M. musculus value represents the mean of the means of six wild-derived inbred strains.
310
À5 ; WSB and CAST3WSB F 1 : P ¼ 0.0170). This observation points to a possible epistatic interaction between CAST and WSB alleles, with at least one locus in the interaction localizing to the CAST X chromosome or mitochondria or the WSB Y chromosome. However, we note that this result is based on MLH1 counts gathered from a single WSB3CAST F 1 male, and the possibility that this pattern is due to heterosis cannot be formally ruled out.
Male inter-subspecific F 1 animals appear to have MLH1 counts that are more similar to those of the paternal parent (Figure 4 , C-E). To assess this pattern statistically, we evaluated the departure of the mean MLH1 foci count in F 1 animals from the midparent value [(mean MLH1 foci count in parental stain A 1 mean MLH1 foci count in parental strain B)/2]. We generated bootstrap samples from the MLH1 foci count data for each of the two parental strains and the F 1 animals. We then calculated the mean MLH1 foci count from the bootstrapped F 1 data and subtracted the two-parent average MLH1 foci count determined from the parental bootstrapped samples. This procedure was replicated 10,000 times to derive a distribution of differences in mean MLH1 foci count between the F 1 's and the midparent value. If F 1 MLH1 foci counts equally resemble those in the two parents, this distribution should be centered on 0. For all intersubspecific comparisons, except WSB3CAST F 1 's, we strongly reject this null hypothesis (P , 10
À4
; P ¼ 0.4889 for WSB3CAST F 1 's). In these significant cases, the mean of the bootstrap distribution is shifted in the direction expected if phenotypic resemblance is strongest with the paternal parent ( Figure S1 ). In contrast, most intra-subspecific F 1 's more closely resemble the maternal parent (P , 10 À3 for CZECHI3PWD, PWD3CZECHI, and PERA3WSB F 1 's; P ¼ 0.3057 for WSB3PERA F 1 's; Figure S2 ). These results suggest two possibilities. First, the sex chromosome genetic architecture of recombination rate polymorphism and divergence may be fundamentally distinct. Second, if differences in imprinting status at recombination rate modifiers evolve sufficiently slowly, parent-of-origin gene-silencing effects could vary between subspecies but not within subspecies.
DISCUSSION
Divergence in genomic recombination rate on variable temporal scales: We observed variation in genomic recombination rate over a range of evolutionary time scales. We documented polymorphism in recombination rate within subspecies of house mice, as well as among F 1 intra-and intersubspecific hybrids. Reciprocal F 1 intra-subspecific crosses were conducted between parental wild-derived inbred strains (A) CZE-CHI/EiJ and PWD/PhJ and (B) WSB/EiJ and PERA/EiJ. Inter-subspecific F 1 males were generated from reciprocal crosses between strains (C) WSB/EiJ and PWD/PhJ, (D) WSB/ EiJ and CAST/EiJ, and (E) CAST/EiJ and PWD/PhJ. For F 1 animals, the maternal parent is the strain listed first (i.e., strain C is the mother in cross C3P). marked divergence in genomic recombination rate between closely related subspecies (Table 2 ). Our analysis also reveals significant divergence between Mus species and among more distantly related rodent taxa (Table 3) . Most of the variation in MLH1 foci count is explained by species or subspecies identity, even after adjusting recombination rates to account for karyotypic differences among species (Table 1; Table 3 ).
The amount of divergence in genomic recombination rate does not scale with evolutionary divergence between rodent species inferred from DNA sequences. This result suggests that the rate of evolution in recombination rate has fluctuated during the history of murids. Multiple evolutionary processes could be responsible for this rate heterogeneity. Unique selective regimes operating along distinct lineages could result in local accelerations or decelerations in the rate of recombination rate evolution, masking a potential correlation between the phylogeny and the trait. Recombination rates in mammals are subject to strong selective pressures to maintain a basal threshold that ensures a minimum of one crossover per chromosome (or chromosome arm). On the other hand, very high rates of recombination can stress the limits of the cell's DNA repair capacity, predisposing genomes to nonhomologous recombination and deleterious genomic rearrangements. Within these bounds, natural selection could act to optimize the rate of recombination according to species-specific criteria. For example, high deleterious mutation loads could select for higher recombination rates (Kondrashov 1984) . However, this possibility remains speculative, as there is no direct empirical evidence that genomic recombination rates reflect optima obtained through natural selection.
Alternatively, rapid, stochastic changes in the genomic rate of recombination within the upper and lower bounds defined by the constraints on the meiotic process could conceivably give rise to the pattern that we document. Such a scenario distills to a random walk with two reflective boundaries in phenotypic space. When the rate of recombination hits the lower bound of one crossover per chromosome (or chromosome arm), selective forces will function as a reflective barrier, pushing the rate back up into the neutral realm. Conversely, when the rate of recombination hits the upper limit defined by preservation of genome integrity, it will promptly reflect downward. In this manner, highly divergent taxa could possess similar genomic recombination rates by the chance convergence of their random walks. Similarly, closely related species could have markedly different genomic recombination rates if their associated random walks are initially characterized by steps in opposite directions. We attempted to use phylogenetic comparative methods to assess the fit of evolutionary models of neutrality, stabilizing selection, and lineage-specific evolution to MLH1 foci counts, but simulations revealed that the small size of our data set combined with the excess of very short branch lengths yield insufficient statistical power to discriminate between alternative evolutionary hypotheses (data not shown). Similar reductions in power likely accompany our tests for correlations between recombination rate divergence and DNA sequence divergence, suggesting caution in our interpretation. The consideration of additional rodent taxa, along with development of phylogenetic comparative methods for modeling dually bounded quantitative traits, will be required to evaluate the ideas advanced here.
Reconciling evolutionary patterns within murid rodents and across mammals: We previously showed that average genomic recombination rates of 13 mammalian species are phylogenetically distributed, with more closely related species possessing more similar rates (Dumont and Payseur 2008) . This result stands in stark contrast to the absence of a phylogenetic signature among murids.
There are several potential explanations for this discrepancy. First, we may lack power to detect a phylogenetic signal. Although we document considerable divergence in recombination rate in Muridae ( Table   TABLE 5 MLH1 counts in inter-subspecific F 1 males 1), the two most phenotypically divergent taxa that we examine-the house mouse and rat-have highly similar genomic recombination rates when viewed in the context of the far greater variability observed among mammals (Burt and Bell 1987; Dumont and Payseur 2008) . In addition, because of our concentrated sampling within the Mus genus, most species pairs are separated by little divergence time. Although little variation in both recombination rates and branch lengths leaves little power to detect an association between the phylogeny and recombination rate, certain patterns argue against the existence of a strong phylogenetic signal. For example, some closely related species pairs exhibit very large differences in mean MLH1 foci counts and some divergent species pairs have nearly identical values. Methodological differences might also generate discrepancies between the two studies. Dumont and Payseur (2008) estimated recombination rates from genetic maps, whereas a cytological approach was used here. There are small, albeit systematic, differences in male recombination rates estimated by cytological vs. genetic approaches (Sun et al. 2004) . Slight variations in the temporal loading of MLH1 onto DNA sites of recombinational repair could lead to uncounted recombination events by the method used here (Cheng et al. 2009 ). On the other hand, genotyping error can induce artificial inflation in genetic linkage map lengths, especially in terminal chromosomal regions where flanking genotype data are absent (Broman et al. 1998) . In addition, a small subset of crossovers appears to be repaired by a non-MLH1 pathway in mammals (Holloway et al. 2008) and will obviously go undetected by the MLH1 method. However, it seems unlikely that solely methodological differences underlie the observed difference. Indeed, average male chiasma counts produce a stronger phylogenetic signal in mammals than recombination rates estimated from linkage maps (Dumont and Payseur 2008) .
MLH1 Count
Third, most of the taxa considered in the mammalian analysis were (partially) outbred or domesticated species, whereas the analysis of recombination rate variation among murid rodents presented here relies heavily on estimates obtained from fully inbred animals. Recombination rates commonly increase in response to inbreeding (Burt and Bell 1987; Ross-Ibarra 2004) , but a sample of outbred Gough Island mice have recombination rates comparable to, if not slightly higher than, wild-derived inbred strains of M. m. domesticus. In addition, we note that most hybrid F 1 males from intraand inter-subspecific crosses of house mice have recombination rates intermediate between the values for the two parental strains, revealing minimal evidence for inbreeding depression in recombination rate.
Finally, these seemingly contradictory patterns could indicate that the inferred evolutionary processes shaping species differences in genomic recombination depend on the scale of taxonomic divergence. Variation in recombination rate among rodents may reflect stochastic fluctuations or selection toward local optima within the confines of the upper and lower bounds described above, whereas variation in recombination rates among divergent mammals may indicate gradual evolutionary shifts in the precise placement of these meiotically defined constraints. For example, genetic changes in the DNA repair machinery could render a given clade more proficient at the repair of meiotic doublestranded breaks, thereby pushing the upper boundary further upward. Similarly, evolutionary changes in cohesion proteins, protein components of the synaptonemal complex, or the efficacy of the meiotic spindle could exempt a clade from the ''one crossover per chromosome arm'' rule, shifting the lower bound to the threshold determined by the number of chromosomes. Over time, these boundary shifts could lead to sizable changes in the range of genomic recombination rates that can be realized between divergent taxonomic groups, giving rise to an apparent phylogenetic signal in recombination rate. This hypothesis remains untested, but genetic studies of species differences in genomic recombination rate over different evolutionary time scales could shed light on this possibility.
Covariation of synaptonemal complex length and recombination rate across Muridae: The synaptonemal complex is a tripartite protein structure that physically links homologous chromosomes at meiosis (Moses 1968) . A previous report identified a positive correlation between autosomal SC length and recombination rate within and between inbred house mouse strains and among humans . Our analysis extends these results to show that genomic recombination rate and SC length are positively correlated between species. It remains unclear whether changes in SC length drive the evolution of recombination rate, recombination rate evolution catalyzes adjustments in SC length, or the evolution of both SC length and recombination rate is a correlated response to changes in a third variable.
Total SC length is likely a function of physical genome size and the average size of DNA loops emanating from the chromatin scaffold at meiosis (Kleckner 2003) . If genome sizes are largely conserved among rodents (Gregory 2005) , the observed differences in SC length across taxa may predominately reflect changes in the degree of chromatin condensation at meiosis. Chromatin structure can evolve rapidly between species (Henikoff et al. 2001; Ferree and Barbash 2009 ), a fact that nominates heterochromatin-binding proteins, histone modification proteins, and other loci regulating chromatin states as candidates underlying the differences in genomic recombination rate between murid rodent species documented here.
Genetic basis of subspecies polymorphism and divergence in genomic recombination rate: Males from reciprocal F 1 directions from all crosses examined displayed significantly different mean MLH1 foci counts (Tables 4 and 5 ; Figure 4 ), highlighting a putative role for sex-linked loci contributing to variation in genomic recombination rate within and between subspecies. Epigenetic phenomena such as imprinting and the maternal environment may also give rise to this pattern. Unfortunately, our study design does not allow us to disentangle these various contributions to differences between reciprocal F 1 males.
Our restriction of MLH1 foci counts to the autosomes indicates that if sex-linked modifiers segregate between house mouse strains, they must exert trans effects on recombination rate (sex-linked cis effects may also exist, but our design could not measure them). MLH1 foci counts are challenging to obtain in females (since prophase I is completed in the fetal ovary). However, when coupled with known sex differences in genomic recombination rate between male and female house mice (Reeves et al. 1990; Cox et al. 2009 ), these results raise the question of how these modifiers might affect recombination rates in females.
Although modifiers of local-and genomic-scale recombination rate variation have been identified in house mice (Shiroishi et al. 1991; Heine et al. 1994 (Yang et al. 2007) , the sexlinked genetic factors that we find in crosses involving wild-derived inbred strains could colocalize with this previously identified locus. Further efforts to refine the genomic location of the modifier(s) identified here, evaluate their impact on female recombination rate (if in fact X-linked or mitochondrial), and deduce their molecular functions will provide important insights into the evolution of recombination rate differences between species.
Low genomic recombination rate in Murid rodents: Our survey of variation in mean MLH1 foci count suggests that the low genomic recombination rate observed in laboratory mice and rats relative to other mammals is a defining characteristic of the murid rodent family. Rats, the species with the highest mean MLH1 foci count among the species considered here, still have far fewer MLH1 foci per meiosis than humans [mean ¼ 49.8 foci/meiosis (Sun et al. 2004 (Basheva et al. 2008) ]. In contrast, most species considered in this analysis have higher MLH1 foci counts than the common shrew ), a pattern presumably reflecting the marked reduction in chromosome number in shrews (2N ¼ 20-33) relative to the murids examined here (2N ¼ 40-46) . Our analysis rules out the possibility that the comparatively low recombination rates in laboratory mice and rats are an incidental by-product of adaptation to the laboratory setting or inbreeding, as wild-caught and outbred mice also conform to this trend. Moreover, this pattern does not appear to stem solely from karyotype distinctions between rodents and other mammals (Dumont and Payseur 2008) . Our survey of recombination rate variation within a single rodent family provides an important first step toward determining the underlying mechanism of low recombination rates in this speciose mammalian order. FIGURE S1.-Mean MLH1 foci count in intersubspecific F1 males most closely resembles the paternal parent phenotype. We used a bootstrapping randomization procedure (see main text) to derive an empirical distribution of differences between the F1 mean MLH1 foci count and the midparent average MLH1 foci count. If F1 animals equally resemble both parents, this distribution should be centered on 0. In contrast, if F1 animals are more similar to the parent with higher (lower) mean MLH1 foci count, this distribution will be shifted to the right (left). For PWDxWSB (maternal x paternal parent) F1 animals, the distribution is clearly shifted left, indicating that the F1s more closely resemble the low recombination rate WSB paternal parent (A). In the reciprocal F1 cross, WSBxPWD F1 animals have mean MLH1 foci counts that more closely resemble those in the high recombination rate PWD paternal strain (B). The distribution for CASTxWSB F1s is shifted to the right, as predicted if the mean MLH1 foci count in the F1s is more similar to the WSB paternal parent phenotype (C). The WSBxCAST F1s have a mean MLH1 foci count that is roughly equidistant between that of the two parents (D). Again, CASTxPWD F1s more closely resemble the paternal strain (E), whereas the mean MLH1 foci count in PWDxCAST F1s is more similar to that of CAST (F). More PWD-like FIGURE S2.-Mean MLH1 foci count in intrasubspecific F1 males most closely resembles the maternal parent phenotype. We used a bootstrapping randomization procedure (see main text) to derive an empirical distribution of differences between the F1 mean MLH1 foci count and the midparent average MLH1 foci count. If F1 animals equally resemble both parents, this distribution should be centered on 0. In contrast, if F1 animals are more similar to the parent with higher (lower) mean MLH1 foci count, this distribution will be shifted to the right (left). For PWDxCZECHI (maternal x paternal parent) F1 animals, the distribution is shifted to the right, indicating that the F1s more closely resemble the higher recombination rate PWD maternal parent (A). In the reciprocal F1 cross, CZECHIxPWD F1 animals have mean MLH1 foci counts that are more similar to those in the lower recombination rate CZECHI maternal strain (B). The distribution for PERAxWSB F1s is shifted to the right, as predicted if the mean MLH1 foci count in the F1s is more similar to the PERA maternal parent (C). The WSBxPERA F1s have a mean MLH1 foci count that is roughly equidistant between that of the two parents (D). 
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